Evolutionary related multi-subunit RNA polymerases (RNAPs) carry out RNA synthesis in all domains life. While their catalytic cores and fundamental mechanisms of transcription elongation are conserved, the initiation stage of the transcription cycle differs substantially between bacteria and archaea/eukaryotes in terms of the requirements for accessory factors and details of the molecular mechanisms. This review focuses on recent insights into the evolution of the transcription apparatus with regard to (i) the surprisingly pervasive double-Ψ β-barrel active site configuration among different nucleic acid polymerase families, (ii) the origin and phylogenetic distribution of TBP, TFB and TFE transcription factors, and (iii) the functional relation between transcription-and translation initiation mechanisms in terms of TSS selection and RNA structure.
Introduction
Nucleic acid polymerases carry out key functions in DNA replication, -repair andrecombination, as well as RNA transcription. The latter is the first step in gene expression, and provides both the templates for protein synthesis (mRNA) as well as the structural RNAs forming the essential components of the translation machinery (rRNA and tRNA). The two most important superfamilies of nucleic acids polymerases are the single-subunit 'right-handed' polymerases encompassing the thumb-, finger-and palm motifs, and the 'two-barrel'-type polymerases characterized by an active site formed at the interface between two double-Ψ β-barrels (DPBB) motifs. The single-subunit polymerase superfamily includes almost all replicative DNA polymerases, bacteriophage single-subunit RNAPs including the mitochondrial RNAP, and reverse transcriptases. As such they are considered to be the most versatile nucleic acid polymerase family since different members can utilize DNA or RNA templates to synthesise DNA or RNA, in any combination. The twobarrel nucleic acid polymerase superfamily comprises the multisubunit RNAPs (msRNAPs) that carry out transcription of the cellular genomes of bacteria, archaea and eukaryotes as well as the chloroplast genome. Recently some surprising additions have been made to this family that increase its functional breadth, not only in terms of template specificity but also with respect to the mechanisms of sitespecific transcription initiation.
PolD and Qde1 contain double-Ψ β-barrels
The bulk of a cellular msRNAP is provided by the two large, catalytic subunits called β' and β, and Rpo1 and Rpo2 in the single bacterial-and archaeal RNAP, respectively, and RPB1 and RPB2 in eukaryotic RNAPII. The subunits show striking sequence-and structural similarities which are highest in the active site microenvironment (21; 32; 51; 86) . These include the Trigger loop and Bridge helix elements, which are essential for nucleotide translocation cycle (24; 40; 44; 60; 65; 83; 99; 100) . The catalytic centre is formed at the interface between two sixstranded double-Ψ β-barrel domains coined DPBB-A and -B (i.e. the two barrels), with each catalytic subunit contributing one DPBB domain (36) . The DPBB-A of the largest β', Rpo1 and RPB1 RNAP subunit contributes three invariant aspartic acid residues in the highly conserved NADFDGD motif to the active centre that coordinates the catalytic Magnesium-A ion ( Figure 1A ) (81) . The DPBB-B of the second largest subunit (β, Rpo2 and RPB2) provides two invariant lysine residues involved in substrate binding (22) . The pervasiveness of the DPBBs architecture in msRNAPs is well known and was thought to be restricted to DNA-dependent transcription. Remarkably, the structures of two unorthodox nucleic acid polymerases revealed that this structural framework also can support RNAdependent RNA synthesis and DNA-dependent DNA synthesis (73; 75) . Both the eukaryotic RNA-dependent RNAP Qde-1 that facilitates RNA-silencing in the fungus Neurospora crassa, and the catalytic subunit DP2 of the replicative archaeal DNA polymerase D (PolD) are two-barrel polymerases (73; 75) ( Figure 1B) . The DPBB-A type barrels (named DPBB-2) with catalytic carboxylate residues are located in the C-terminal regions of Qde-1 and PolD DP2. The DPBB-2 domain of Qde-1 contains the consensus DxDGD motif and binds the catalytic Mg 2+ ion, whereas the DPBB-2 domain of PolD has only two of the canonical aspartic acid residues (NxDGD), except in species in the phylum of Thaumarchaeota, where the canonical three aspartic acid residues are conserved (i.e Nitrosopumilus maritimus in Figure1C).
The X-ray structure of PolD lacks the catalytic Mg 2+ ion but the two aspartic residues in DPPB-2 were shown to be essential for PolD activity consistent with a role in Mg 2+ ion coordination (80) . According to the paradigm of two-barrel polymerases the second, DPBB-B type barrel (named DPBB-1), harbours two canonical lysine residues in both Qde-1 and PolD DP2 (73; 75) . Beyond the two DPBB domains no further structural similarity was detected between msRNAPs, Qde-1 and PolD.
Despite the fact that the catalytic subunits of msRNAPs are highly conserved in all three domains of life, the gene encoding the largest subunit is split into two ORFs encoded by adjacent genes in Archaea (Rpo1) and chloroplast plastids (β') (64; 94).
A closer look on RNA polymerase gene organisation in archaea reveals even higher levels of complexity. In methanobacteria and halobacteria (both archaea despite the misleading names) the largest (Rpo1) and second largest RNAP subunit (Rpo2) are split, whereas Rpo1 is encoded by a single ORF in Thaumarchaeota and Korarchaeota (15) . Those observations would suggest that multiple split and fusion events of catalytic core subunits occurred over the time. Interestingly, insertion of the corresponding split sites into the genes encoding the catalytic core subunits of E. coli RNAP does result in active enzymes (77) . In contrast to msRNAPs, Qde-1 and in PolD contain the two DPBB domains within a single polypeptide chain, which could be the result of a fusion of DPBB encoding genes. The genes encoding the largest-and second largest RNAP subunit are encoded in a polycistronic operon, and this organisation is conserved between bacteria and archaea, whether the genes for the two subunits are split, or not. In fact, ε−proteobacteria harbour a single fused catalytic subunit encompassing both β and β' (50) , and the fusion of rpoB (encoding for β) and rpoC (encoding for β') genes in E. coli results in a functional RNAP in vitro and in vivo (76) . The fused single catalytic core subunit encompasses DPBB-A in its C-terminal half and DPBB-B in its N-terminal half in the same order as found in its counterparts Qde-1 and PolD. In summary, the two DPBBs at the catalytic heart of msRNAP reveal an intriguing structural and functional conservation across a very broad range of 'two-barrel' polymerases, and the remarkable variation of the arrangement of the genes encoding the DPBB subunits bears witness to several split and fusion events during evolution.
Evolutionary insights from viral two-barrel RNAPs
Next to the two catalytic core subunits, all cellular msRNAPs include universally conserved subunits that play an important role for the efficient assembly of the two large catalytic subunits of msRNAPs (31; 55). These include the α2 homodimer in bacteria that is homologous to Rpo3/11 and RPB3/11 in archaea and eukarya, respectively) and ω (Rpo/RBP6). The former constitute the RNAP assembly platform that in archaea and eukaryotes also includes the Rpo/RPB10 and Rpo/RPB12 subunits. Due to the universal nature of assembly platform subunits it was assumed that they were essential for the correct and stable folding of the catalytic subunits of two-barrel msRNAPs. Recently, Minakhin and co-workers identified and biochemically characterised the first two-barrel msRNAP encoded by a giant bacteriophage. φKZ non-virion RNAP (nvRNAP) is evolutionarily related to the msRNAP of the host it infects, and is likely the result of a horizontal transfer of the genes encoding the two catalytic subunits (95) . Interestingly, φKZ nvRNAP does not include any classical assembly platform subunits. However, φKZ nvRNAP harbours gp68, a subunit without any similarity to other proteins other than its homologues in related giant bacteriophages, which may play a role in nvRNAP assembly. Similarly, several msRNAPs from different eukaryotic virus families appear to lack assembly platform subunits. Insect baculoviruses encode nvRNAPs composed of only four subunits: the two largest subunits (LEF-8 and LEF-9) sharing sequence similarity with the DPBB-A and -B of msRNAPs, and two additional subunits (LEF-4 and p47) with no sequence homology with any known msRNAPs subunits (28; 71). Thus, these nvRNAPs lack distinguishable assembly subunits, which altogether demonstrates that these are not required for the efficient assembly of DPBB msRNAPs per se.
Detailed structural and functional analysis of the nvRNAPs and its kindred is sure to reveal many surprises in the coming years.
The origins of the barrels in the RNA world?
While msRNAPs chiefly function as DNA-dependent RNAPs they can utilise RNA templates in some special cases in vitro and in vivo; e.g. human RNAPII facilitates the replication of the Hepatitis Virus D genome by RNA template-dependent RNA synthesis (19; 67; 88). X-ray structures of yeast RNAPII with RNA scaffold templates show that it can accommodate an RNA duplex in similar manner to the RNA-DNA hybrid formed during DNA-dependent transcription. These results highlight the potentially ancient RNA-dependent activity of msRNAPs (53) and are in line with the idea of an 'RNA-protein world' preceding the modern era of cells employing DNA as genetic material. The common ancestor of extant msRNAPs likely evolved from a primordial RNA-dependent two-barrel RNAP, which consisted primarily of the DPBB motifs. In msRNAPs, the DPBB may later have contributed to its adaption to utilise double-stranded DNA as templates. It is thought that the primordial RNAdependent RNAP appeared at the RNA world era and was a self-replicating RNA ribozyme ( Figure 2 , yellow panel). If that was the case, the processivity and fidelity of the primal ribozyme must have been sufficiently high to self-replicate, something that has not been achieved yet with synthetic ribozymes in vitro (38) . Following the emergence of templated protein synthesis, binding of a RNA-binding proteinaceous cofactor containing a DPBB domain to the catalytic core of the RNAP ribozyme may have increased its stability, processivity and fidelity -all critical factors for efficient and faithful transcription. Given that the two DPBB domains of two-barrel polymerases are evolutionary related, the ancestor of those enzymes most likely functioned as a homodimer. Duplication followed by divergent evolution resulted in functional specialisation of the two DPBB domains: acquisition of metal chelating aspartates by DPBB-A/2 and acquisition of basic residues by DPBB-B/1 (Figure 2 ).
Crucially, the template specificity changed from RNA to DNA, and in an unexplained fashion the catalysis was usurped by the DPBB proteins and the now obsolete ancestral RNA was lost. The RNAP evolved by increasing its bulk by the acquisition of modules/domains into the DPBB-containing large subunits, and increasing its subunit repertoire via accretion of additional, reversible associated factors around the conserved core (37; 89). The ultra-minimal active site of two-barrel msRNAPs appears to be composed of the two DPBB domains, the switch 2 element that interacts with the template DNA strand, and the secondary channel that allows for entrance of the nucleotide substrates (71). The reduced subunit repertoire of the different viral msRNAPs described above supports the idea that primordial msRNAPs was mainly composed of the two catalytic core subunits.
The search for the evolutionary origins of the general transcription factors
In contrast to single-subunit RNAPs such as bacteriophage T7 RNAP that are able to 
Clues from unorthodox RNAPs from bacteriophages and eukaryotic viruses
The ability of msRNAPs to evolve an alternative basal 'support' machinery, unrelated to TFB and σ factors, was recently highlighted by the biochemical characterization of transcription initiation by φKZ nvRNAP (95) . φKZ nvRNAP appears to be required for transcription from late promoters in the bacteriophage genome. While the full context of promoter elements directing transcription initiation is not yet fully understood, a TATG motif stretching from -3 to +1 relative to the TSS is essential. 
The connection between transcription initiation and translation initiation
The functional and structural diversity of basal transcription initiation mechanisms in cellular life make it difficult to draw conclusions on the nature of the basal transcription machinery in LUCA. However, some of its functional properties can be deducted. To this end, it is worth to consider the products of transcription, coding and non-coding RNA in regard to their specific requirements of TSS selection. All three domains of life share two conserved translation initiation factors: IF1 and IF2 in bacteria (aeIF-1a and aeIF5B in archaea/eukaryotes, respectively). Their conserved role is thought to be guiding the aminoacylated initiator tRNA to the P-site (8) . The majority of these universally conserved ncRNA genes undergo 5' processing:
The 16S rRNA gene is the first gene in the rRNA operon. The 5'-end of mature 16S rRNA is generated via the combined action of several RNases in bacteria (2). RNase P is required for 5' processing of tRNA as well as 4.5S RNA (41; 62; 84) . The requirements for the maturation of the RNA components of RNase P itself are less clear, but it has been reported that the productive transcription of M1 RNA, the RNA component of RNase P in E. coli, is driven from a proximal promoter that does not require 5'-end processing (46) . Taken together, most of the universally conserved noncoding RNAs require 5'-end processing and this requirement could reflect the functional properties of the early transcription initiation machinery.
However, it should be mentioned that 5'-end processing is also required for many domain-specific ncRNAs such as transfer-messenger RNA (tmRNA) and 6S RNA that evolved later in the bacterial domain (43; 47; 84) . On the other hand it has been shown that the universal requirement for 5'-processing of tRNA by RNase P is not essential for life and has been overcome by transcription initiation at proper 5'-end in the archaeon Nanoarchaeum equitans (68) . Independent of the 5'-end processing requirements for these universally conserved RNAs it can be inferred that the arguably evolutionary oldest genes probably have a relaxed requirement for transcription start site selection allowing for multiple promoters/TSSs to be utilised.
Conclusion
The discovery of viral msRNAPs with reduced subunit repertoire and basal transcription factor requirement and two-barrel DNA polymerases have advanced our understanding of the evolution of msRNAPs and the crucial role of the DPBB domains. Viral msRNAPs have evolved divergent catalytic subunit assembly pathways and mechanisms for site-specific transcription initiation that may provide clues to the evolution of transcription in cellular life. Transcription is the first step in gene expression towards protein synthesis and thereby the mechanisms of transcription initiation and TSS selection directly affect the mechanism of translation initiation and vice versa. We argue that RBS-dependent translation initiation (and 5'-end processing of non-coding RNAs) might have contributed to the environment conducive for the evolution of alternative basal transcription factors such as σ 70 and TBP/TFB in the same organism ( Figure 4C ). An alternative model, with precise selection of single TSS coupled to leaderless translation initiation would impose several restrictions on the organism in terms of the regulation of gene expression and the ability to evolve alternative basal transcription factors ( Figure 4D ). For these reasons, we consider the most likely scenario to be the early appearance of RBSdependent translation initiation in evolution and parallel evolution of multiple basal transcription initiation factors. The primordial RNAP was a self-replicating, RNA-dependent ribozyme which emerged in the RNA world era (in yellow). In the RNA-protein era, the ribozyme was invaded by cofactor containing a DPBB domain, forming ribonucleoprotein complex. The ultimate ancestor of two-barrel polymerases functioned as a homodimer enzyme. Duplication followed by divergent evolution resulted in acquisition of aspartic acid residues by DPBB-A/2, and acquisition of lysine residues by DPBB-B/1. In the modern DNA-RNA-protein era, the template specificity changed from RNA to DNA for msRNAPs and PolD. In Qde-1 and PolD, the two DPBB domains are in a single polypeptide (DPBB-1 at the N-terminus and DPBB-2 at the C-terminus), suggesting a fusion of DPBB encoding genes. msRNAP genes containing the DPBB domains are encoded in a polycistronic operon, and the organisation is conserved between bacteria and archaea. 
